Abstract
Abstract
One of the authors has developed a pneumatic wobble motor consisting of a pair of cycloid reduction gears and a rubber wobble generator [l] . H.Kimura et al. have developed a motor consisting of a pair of crown gears and pneumatic cylinders [2]. These motors work as a pneumatic stepping motor with big torque.
In this paper, a new design of pneumatic motor and its application to parallel robot mechanism are reported. This motor consists of a pair of bevel gears and three pneumatic cylinders. It achieves gear meshing with high efficiency, resulting in small noise and vibration. In addition, the motors realize a robot servo mechanism which needs no sensors or electrical devices mounted on the robot. This shows a potential of the motor to realize robots working under hazard conditions where conventional electrical motors don't work.
Mechanism and Control

Introduction
Mechanism
Although conventional pneumatic actuators are unsuitable for uses of precise positioning or speed control because of air compressibility and friction of seal parts, some new pneumatic motors including reduction gear mechanism have a potential to work as a direct stepping motor for robots. Figure 1 shows the basic driving principle of the pneumatic nutation motor. The pneumatic nutation motor consists of a pair of bevel gears; a cone-shaped bevel gear, named nutator and a cup-shaped bevel gear, named rotor. While the rotor is supported by bearings, the nutator is supported by a spherical bearing and guide pins, allowing its nutation as shown in Fig. 1 . As the bevel gears have different number of tooth, nutation of the nutator causes rotation of the rotor. The motor has three pneumatic cylinders that act on the nutator as shown by the arrows in Fig. 1 
Gear design
The relation between the rotational speed of the rotor, a, and the nutation speed of the nutator, CO, is obtained as follows;
where z, and zw represent the tooth numbers of the rotor and the nutator, respectively. The value of Eq. (1) is negative. This means that the rotor rotates in the direction opposite to the direction of the nutator nutation.
Control
The two typical pressurizing patterns, i.e., full-pitch drive and half-pitch drive, are shown in Fig. 2 . Solenoid valves are used for pressure control, and 1" represents pressurizing and "0" means non-pressurizing.
Full-pitch drive shifts the pressurizing pattern step by step while keeping the number of the pressurized cylinders constant. The duty ratio T is defined as nlm, where m and n represent the number of the cylinders pressured at the same time, respectively. Then, the resolution of the nutator nutation becomes m.
Half-pitch drive changes the numbers of the pressurized chambers as shown in Fig. 2 ( 2 )
wherefrepresents the rotational speed of the motor. where y~ represents the angle between the cylinders, the angle AOB as shown in Fig. 3 (a) , and 8 represents the angle which shows the contact point C', the angle AOC' as shown in Fig. 3 (a) .
Theoretical analysis
The relation between the torque of the rotor T and the gear meshing force in the rotational direction t, which are shown in Fig.3 where tI, t2, and t3 represent the force components in the nominal direction of the tooth, in the axial direction and in the rotational direction, respectively, as shown in the Fig. 3 (b) . a represents the pressure angle of the teeth.
Friction force on the gear surfaces FG is shown as follows;
where p1 represents the coefficient of friction between the gear surfaces.
Equation (9) leads the following equations.
(11) F3 = FG sina = pl tI sina where Fz and F3 represent the components of the friction force in the axial direction and in the rotational direction, respectively.
Friction occurs also between the guide pins and slots. The guide pins are used to prevent the rotation of the nutator. The normal force between the guide pins and slots, N, is obtained as follows;
where r,,, represents the distance between the center of the nutator and the contact point of the guide pins and slots, and K represents the number of the guide pins. Equation (12) leads the friction force between the guide pins and slots , FM as follows; where p2 represents the coefficient of friction between the guide pins and slots.
When the load torque exceeds a critical value, the tooth of the nutator sometimes goes over the rotor tooth, causing a slip between the rotor and the nutator. This phenomenon is observed with other type of pneumatic motors with reduction gear mechanisms. The authors call this phenomenon ratcheting [ 11. Ratcheting condition corresponds to the axial force balance acting on the nutator tooth; if resultant force acting on the nutator in the axial direction is positive, ratcheting occurs, while if it is negative, ratcheting doesn't occur. This leads the following condition under which ratcheting occurs.
Ratcheting is not always undesirable but is sometimes useful to protect robots and workpieces from damage. For example when a robot is accidentally subjected to a big load or impact, the motor is back-driven to release the force. Whether or not the motor is designed to have ratcheting depends on the design policy and on the nature of the applications.
Prototype and experiments
Designs of prototype
The prototype of the motor is shown in Figs. 4 , 5, and 6. Figure 4 shows a cross-section of the motor, Fig.5 shows an external view of the motor, and Fig. 6 shows a disassembled motor. Table 1 shows the specification of the bevel gears. The difference of tooth numbers is set to be 1 in order to obtain high reduction ratio. As the tooth numbers of the gears are 121 and 120, respectively, 120 nutations cause a rotation. As the motor has three pneumatic cylinders, a nutation is achieved with six stepping motions for the half-pitch drive and with three stepping motions for full-pitch drive. Thus, the positioning resolution of the motor is 720 stepshotation for the half-pitch drive and 360 stepshotation for the full-pitch drive. Three solenoid on/off valves are used to generate pneumatic pulses. The motor specification is shown in Table 2 .
Experiments
The developed motors were tested using a torque gauge and a powder brake for variable load. Three-bit pulse signals are generated by a personal computer and they drive the solenoid valves. Figure 7 shows static characteristics of the motor driven by the full-pitch pressurizing pattern. Six prototypes were tested and the average data is shown. The experiments were conducted while keeping the rotational speed 2 rpm and increasing the load torque Step angle [deg] 10 max (experimental data) 0.5
The resolution of the rotor was found to be 360 stepsh-otation for the full-pitch drive and 720 stepshotation for the half-pitch drive. 
Applying to parallel robot mechanism
The developed motors were applied to a robot mechanism to show the potential of the motor as a robot servo motor experimentally. The robot is shown in Fig. 9 
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